We investigated 25 natural populations of Chamaecyparis obtusa using 51 cleaved amplified polymorphic sequence (CAPS) markers, which were developed using information on sequence-tagged sites (STS) in Cryptomeria japonica. Most CAPS markers have codominant expression patterns, and are suitable for population studies because of their robustness and convenience. We estimated various genetic diversity parameters, including average heterozygosity (H e ) and allelic richness and found that the more peripheral populations tended to have lower genetic diversity than central populations, in agreement with a previous theoretical study. The overall genetic differentiation between populations was low, but statistically significant (G ST ¼ 0.039), and similar to the level reported in a previous allozyme study. We attempted to detect non-neutral loci associated with local adaptation to clarify the relationship between the fixation index (F ST ) and H e values for each locus and found seven candidates non-neutral loci. Phylogenetic tree analysis of the populations and Bayesian clustering analysis revealed a pattern of gradually increasing isolation of populations with increasing geographical distance. Three populations had a high degree of linkage disequilibrium, which we attribute to severe bottlenecks due to human disturbance or competition with other species during their migration from refugia after the most recent glaciation. We concluded that the small populations in western Japan and in Kanto district are more important, from a conservation perspective, than the populations in central Japan, due to their genetic divergence, relatively small sizes and restricted areas.
Introduction
Natural forests have become fragmented and patchily distributed owing to human activities such as logging, clearance for agricultural purposes and intensive, monocultural forestry. Such disturbance of once-continuous tree populations could potentially disrupt natural ecological and evolutionary processes and adversely modify their genetic structure (Hamrick, 2004) . Species that are widely used in forestry may also be affected by contamination from artificial forests of conspecific species, and consequent modification of their genetic structure. Thus, to facilitate genetic conservation efforts we should ideally clarify the genetic structure of these species before such effects occur.
The genetic structure of forest tree species sometimes shows clear geographical clines in genetic diversity that can provide insights into the population history of the species, including the establishment and migration of their populations. This has been demonstrated for two European species: Fagus sylvatica (Comps et al., 2001) and Picea abies (Lagercrantz and Ryman, 1990 ). In addition, Tomaru et al. (1997) demonstrated a clear genetic cline with respect to latitude in Fagus crenata populations in Japan, and suggested that populations of this species were distributed in western Japan during the last glacial period then rapidly expanded northward during the postglacial period. Population genetics studies of Japanese Abies species (Tsumura and Suyama, 1998) and Pinus pumila (Tani et al., 1996) have found similar trends to that shown by F. crenata (for a review, see Tsumura, 2006) . Most of these results have been supported by evidence from fossil pollen (Tsukada, 1983 (Tsukada, , 1988 . However, identification of pollen in some species is very difficult because of its morphological similarity to that of other species. For instance, Chamaecyparis obtusa pollen cannot be easily identified because pollen from members of three families (Cupressaceae (including C. obtusa), Taxaceae and Cephalotaxaceae; C-T-C) are very similar and difficult to distinguish (H. Takahara, personal communication) . Thus, their pollen is collectively identified as C-T-C type. Consequently, the population history of C. obtusa, and its refugia during the last glacial period, cannot (as yet at least) be inferred from fossil pollen records. Thus, other methods involving population genetic analyses have to be used in attempts to clarify the population history of this species.
Elucidating the genetic structure of such natural forest populations is important not only for conservation purposes, but also to optimize their use as breeding materials. Elucidating how current natural forests of certain species have established since the last glacial period is especially important for the conservation of local populations. The identification of genes related to local adaptation and differentiation is also essential for the conservation of local populations. However, such genes have only been identified in model plants to date (for a review, see Shimizu and Purugganan, 2005) , although genomic regions associated with speciation and population differentiation have been reported in several forest tree species, including Quercus and Picea abies (Scotti-Saintagne et al., 2004; Acheré et al., 2005) . Thus, there is an urgent need to extend the identification of such genes to the genomes of other species to facilitate conservation efforts.
C. obtusa, hinoki, one of the most important Japanese conifers, belongs to the Cupressaceae family. Current natural forests of this species are scattered in isolated locations ranging from Fukushima Prefecture (37110 0 N) in north-central Japan to Yakushima Island (30115 0 N) in southern Japan, and large natural forests have only been retained in the Kiso area (35134 0 -36135 0 N) of central Japan. The wood of this species has been used for house construction since at least the Nara era (AD 710; Suzuki, 2002) , and possibly longer, because of its high quality for use as pillars and beams. As the demand for timber production increased, the natural forests were rapidly depleted, particularly after World War II. As a result, many natural forests have decreased greatly in extent and, even in the Kiso area, many large trees have been selectively logged from the natural forests.
Previous population studies of this species using allozyme markers have found low degrees of genetic differentiation between populations (G ST ¼ 0.045, Uchida et al., 1997) and evidence of a genetic cline in allele frequency at a few loci (Shiraishi et al., 1987) . The genetic relationship between populations mostly followed their population locations based on genetic distances . The cited authors compared the genetic diversity between natural populations and plus-tree populations in which superior individuals (based on growth and other traits) were selected by Japan's Forestry Agency to serve as sources for seed orchards and breeding materials. The level of genetic diversity was very similar between these two groups of trees, but the plus-tree groups were most genetically similar to the natural populations found in central Japan. However, Uchida et al. (1997) investigated only 11 populations using a limited number of loci. To elucidate the genetic structure of this species more precisely, a more comprehensive study is required, in which many more populations throughout the natural distribution of the species are investigated using a sufficient number of loci.
We developed and evaluated STS primers based on EST information derived from sugi (Cryptomeria japonica) for use in hinoki (C. obtusa) and found that 30% of the examined C. japonica STS primers were directly transferable to C. obtusa (Matsumoto and Tsumura, 2004) . We have applied the previously identified CAPS markers in a population study of C. obtusa to detect non-neutral loci and the genetic structure of C. obtusa. In this paper, we focus on the genetic diversity and structure of the surviving C. obtusa natural populations. We discuss the putative establishment of the current natural forests of C. obtusa and the importance of natural forests of this species.
Materials and methods

Plant materials
We collected fresh leaf tissues from 481 individuals representing 25 natural populations of C. obtusa. All trees were sampled in national or private forests that represented in situ gene-conservation forests (Figure 1 , Table 1 ). The locations of the sampled populations covered most of the natural distribution of C. obtusa. We collected leaf tissues from individual trees with considerable space between sampled specimens to avoid sampling half-sib individuals from the same mother tree. We also paid attention to the age and size of trees, because large-scale planting of C. obtusa began after 1945 in Japan; we therefore sampled the oldest and largest trees to eliminate or at least minimize the influence of gene flow from artificially selected planted populations. Collected leaf tissues were stored at À301C before DNA extraction.
Investigated loci
Total DNA was extracted from all samples using the slightly modified CTAB method of Tsumura et al. (1995) or a DNeasy plant mini-kit (Qiagen GmbH, Hilden, Germany). The crude DNA was purified using a High Pure PCR Template Preparation Kit (Roche Co., Basel, Switzerland) when the quality of extracted DNA was insufficient for PCR. We investigated 51 CAPS markers that had been developed for C. obtusa using STS primers of C. japonica (Matsumoto and Tsumura, 2004;  Table 2 ). We performed PCR amplifications in 20 ml of reaction volumes containing 0.2 mM of each primer, 0.2 mM of each dNTP, 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5 or 2.0 mM MgCl 2 , 0.4 U of Taq polymerase, and 4 ng of template DNA using thermal cyclers (GeneAmp PCR Systems 9600 or 9700, PE Applied Biosystems Co., Foster City, CA, USA) with the following temperature program: 5 min at 941C, 35-45 cycles of 1 min at 941C, 1 min at 50-651C and 1 min 30 s at 721C, with a final extension step of 5 min at 721C. The concentration of MgCl 2 , the annealing temperature, and the number of cycles were optimized for the amplification of specific STS fragments.
The PCR products were digested with restriction enzymes specific for each CAPS marker (Table 2 ) and their restriction patterns were then checked by electrophoresis in 2% agarose gels followed by ethidium bromide staining.
Sequences of CAPS loci in C. obtusa were compared to known amino-acid sequences in the NCBI NR database, using a threshold BLASTX expected value (E value) of o10 À10 to infer the putative function of the CAPS markers we used (Matsumoto and Tsumura, 2004; Ujino-Ihara et al., 2005) . We also searched for tentative unique genes with significant similarity to infer the copy number of each gene using non-redundant cDNA databases for C. obtusa, C. japonica, Pinus taeda, Arabidopsis thaliana and Oryza sativa by the method of UjinoIhara et al. (2005) . Genetic diversity and the genetic structure of natural populations (Wright, 1922; Nei and Chesser, 1983) . We also analyzed deviations from expected values using Fisher's exact test. Total gene diversity (H T ) represents the sum of the genetic variation within (H S ) and among (D ST ) populations:
The coefficients of gene differentiation (G ST ) among populations were then calculated to determine how gene diversity was partitioned at each level using the equation Nei, 1973) . Coefficients of linkage disequilibrium were calculated for all pairs of loci using the method of Weir (1979 Weir ( , 1990 ) based on genotype data from each of the test populations. The variance of the estimates was also calculated, and differences from equilibrium were verified using the w 2 test (Weir, 1990) . These analyses were done using GDA (Lewis and Zaykin, 2002) and FSTAT (Goudet, 2000) software.
Genetic structure
We calculated Nei's unbiased genetic distances for each population pair (Nei, 1978) , constructed a dendrogram by means of the neighbor-joining method (Saitou and Nei, 1987) and performed bootstrap analysis using PHYLIP software (Felsenstein, 1995) . To examine genetic differentiation between the central and marginal populations, we performed a hierarchical analysis of molecular variance (AMOVA; Excoffier et al., 1992) using Arlequin (Schneider et al., 1997) , in which significance levels of the overall values were tested through the use of permutations. We also calculated genetic differentiation among populations by AMOVA.
To detect the population structure and infer the most appropriate number of populations (K) for interpreting the data without prior information on the number of locations at which the populations were sampled, we used the Bayesian clustering approach (STRUCTURE) proposed by Pritchard et al. (2000) . For this analysis, we carefully excluded loci that were assumed to be null alleles and could therefore distort the results. Following this procedure, 37 loci were available for this analysis. We performed 10 independent runs (K ¼ 1-10) with 2 Â 10 6 Markov chain Monte Carlo (MCMC) repetitions and a burn-in period of 50 000 iterations under an admixture ancestral model and a model in which allele frequencies were correlated. We calculated the posterior probability for each K value using the estimated loglikelihood of K to choose the optimal K.
We assessed the pattern of isolation by distance by comparing genetic distance against geographic distance between pairs of populations. The geographic distance between populations was considered to be the shortest distance between populations on the map. The significance of the association between the two types of distance was determined using the Mantel test (Mantel, 1967) using a permutation procedure with 10 000 resamplings.
Relationship between F ST values and heterozygosity
We also compared the distribution of the G ST values over all loci to their expected values under the neutral assumption to detect nonneutral loci. In this analysis, we chose to use only codominant loci that showed Hardy-Weinberg equilibrium because we used loci that allowed us to estimate exact H e values. Beaumont and Nichols (1996) showed that the distribution of F ST as a function of heterozygosity in an island model is quite robust with respect to variations in conditions such as the population structure, demographic structure and mutation level. Therefore, we applied this method to identify markers deviating from the null hypothesis of neutral evolution. All G ST values were transformed into F ST values using the Cockerham and Weir (1987) transformation,
, where n is the number of populations, and F ST values were plotted as a function of the expected heterozygosity. This analysis was done in a two-step procedure (Beaumont and Nichols, 1996; Scotti-Saintagne et al., 2004) , in which the first envelope for neutral expectation was estimated using the overall mean value of F ST . Markers with F ST values outside the 95% envelope were removed and a new analysis was done on the basis of the mean value of F ST . Markers with F ST values outside the 95% envelope after the second analysis were considered to be outliers. These calculations were done using Fdist2 software (Beaumont and Nichols, 1996) .
Results
Characterization of CAPS markers
We were able to assign putative functions to 35/51 CAPS markers by BLAST search (Table 2) . Two-thirds of our CAPS markers were probably based on low copy number genes, but 19 of them were highly redundant in the C. japonica database and the P. taeda, A. thaliana, and O. sativa databases (Table 2) . Of the 51 loci, 10 showed dominant inheritance patterns (Table 2) .
Genetic diversity and differentiation
The mean proportion of polymorphic loci (Pl) was 0.860, but the proportions for the two southern-most populations, Kobayashi and Yakushima, were lower than 0.800 (Table 1 ). The number of alleles per locus (N a ) depended on the number of individuals investigated, but the latter did not vary greatly among populations (18-24 individuals), and we found few rare alleles in the CAPS analysis. Only three populations showed N a values lower than 1.90: the northernmost population at Iwaki, and the two southern-most populations at Kobayashi and Yakushima. These three populations were the only ones for which allelic richness (R s ) estimates were lower than 1.860. The average expected heterozygosity (H e ) of all populations was greater than 0.300, except for the two northern-most populations (Iwaki and Yaita), the Aokigahara population in north-central Japan, and the two southern-most populations (Kobayashi and Yakushima).
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The observed heterozygosity (H o ) did not completely follow the trend for H e . The overall F IS values for the 51 loci were negative for each population, but not significantly different from those expected under HardyWeinberg equilibrium, except for those of the Chichibu, Tanakamiyama and Shiragayama populations. Thus, almost all of the populations had a slight excess of heterozygotic individuals. The number of loci with significant departures from Hardy-Weinberg equilibrium ranged from four in the Yaita population to 11 in the Miyamura, Tanakamiyama and Yakushima populations, and the pattern of deviation varied depending on the locus. All parameters of genetic diversity in the peripheral populations such as the Iwaki and Yaita populations in the north and the Kobayashi and Yakushima populations in the south tended to have significantly lower genetic diversity (Wilcoxon signedranks test after Bonferroni correction; Po0.05 and Po0.01 for H e and R s , respectively).
The allele frequencies at 10 loci in the populations showed a gradual cline with distance from the marginal population (CC0822, CC0860, CC1415, CC1463, CC1606, CC2478, CC2921, CC3162, CC3872 and CD0776), whereas at another seven loci (CC0530, CC0550, CC0951, CC1371, CC2750, CC2860 and CC3455) only some of the more remote populations at both the northern and southern ends of Japan had higher or lower frequencies than those of the more central populations.
Genetic structure and linkage disequilibrium
The overall genetic differentiation among populations at the 51 loci was low (G ST ¼ 0.039), but the G ST values varied among loci, ranging from 0.129 at locus CC2750 to 0.000 at loci CC0731, CC1172, CC2435 and CC2831 (Table 3) . We also conducted AMOVA to determine the variation within and among populations and to test the significance of the among-population variation. The variation among populations was 0.0343 and was highly significant (Po0.001); it was also very similar to the overall G ST value. The hierarchical AMOVA analysis revealed that the degrees of differentiation (F ST ) among groups and among populations within a group were 0.0396 and 0.0231, respectively.
Populations were generally clustered within the same district or group of districts, and thus showed a geographic trend in the neighbor-joining phylogenetic tree ( Figure 2) ; the three main groupings included population in the Kanto and South Tohoku districts; populations in the Chugoku, Shikoku and Kyushu districts; and populations in the Chubu and Kinki districts. The positions of two populations (Tanakamiyama in Kinki district and Hikosan in Kyushu district) were not consistent with their geographical locations. Populations located within the main area of the species' natural distribution, such as those in Chubu district, were very closely related and have not diverged greatly from each other, but more remote populations such as those at Iwaki and Yaita in the north and Yakushima, Kobayashi and Tsutsuga in the south showed considerably more genetic divergence. The bootstrap value for each branch was not high, but some branches for more remote populations (Iwaki and Yaita; Yakushima, Kobayashi and Tsutsuga) and the highest-elevation population (Hijiri) were higher (Figure 2 ).
Bayesian clustering analysis of the 37 loci demonstrated that only the model with K ¼ 3 explained the data sufficiently well (this simulation had the highest loglikelihood value). This result suggests that the most probable number of populations was three, based on our data for 481 individuals from 25 populations. We genetically defined three groups by means of STRUC-TURE analysis. The frequency of group 1 individuals (medium-gray in Figure 3 ) was high in populations within the Chubu district, which represents the main area of natural forest that currently exists. The frequency of group 3 (dark-gray in Figure 3 ) was relatively low in populations 1-13, increased from populations 14-22, and Genetic diversity and the genetic structure of natural populations Y Tsumura et al 167 was especially frequent in the Shikoku and Chugoku districts. The frequency of group 2 (light-gray in Figure 3 ) was high in northern populations and declined as the prevalence of group 3 increased from populations 14-22. We also investigated the association between the pairwise F ST values and the geographical distances between populations, which represents the magnitude of isolation by distance (Figure 4) . The association was highly significant (r ¼ 0.669, Mantel test, Po0.001); thus, isolation by distance was clearly a factor in the genetic structure of this species.
Three populations (Tanakamiyama, Shiragayama and Yakushima) had high numbers of combinations of loci with significantly higher linkage disequilibrium values (Po0.05), 366, 342 and 422, respectively ( Figure 5 ). The lowest value (124) was for the Yamazaki population, and the mean value was 235.
Relationship between F ST values and heterozygosity
We used the overall mean F ST value (0.048802) over 37 loci to construct the expected distribution of F ST in an Figure 2 Phylogenetic tree for the 25 natural C. obtusa populations created using the neighbor-joining method. This method used a genetic distance matrix based on Nei's genetic distance (Nei, 1978) Figure 3 Genetic relationships among the 25 populations surveyed in this study, including 481 individuals estimated from 37 CAPS loci using STRUCTURE (Pritchard et al., 2000) .
Genetic diversity and the genetic structure of natural populations Y Tsumura et al infinite-allele model ( Figure 6 ). Seven loci were identified as outliers: CC0272, CC1172, CC1319, CC1625, CC2478, CC3872 and CC2750. CC2750 had the highest F ST value; but the other six loci had very low F ST values.
Discussion
Cleaved amplified polymorphic sequence markers for population study We considered 21 CAPS loci to represent single loci that originated from single or low copy number genes because they showed only a single hit in the C. japonica database and no or only a few hits in the other databases (except CC1371 and CC2860). The nonredundant cDNA databases for C. japonica and C. obtusa do not seem to be saturated yet because of the limited number of clones they contain (B15 000 and 5000 ESTs, respectively; UjinoIhara et al., 2005), but those of A. thaliana and O. sativa probably cover most of the genes in these species. The redundancy trend was similar in both the saturated and non-saturated databases. However, the CAPS patterns of highly redundant loci are simple and easily converted into genotypes. Inheritance modes of these CAPS markers have been confirmed by segregation analysis of artificially crossed populations (Matsumoto and Tsumura, 2004; Matsumoto et al., unpublished data) . The average G ST may have been underestimated when we included these loci with a dominant inheritance mode, but excluding these loci had little effect on calculated population genetic parameters, and the resulting genetic structure, of this species.
Genetic diversity between populations
According to our data, 10 of the 51 loci are likely to exhibit a genetic cline related to the geographic location of each population, a result that partly agrees with those of previous studies (Shiraishi et al., 1987; Uchida et al., 1997) . Only the more peripheral populations at the southern and northern ends of Japan had significantly higher or lower frequencies, at seven loci, than those of the more central populations. These results probably reflect the expansion history of C. obtusa populations and migration between the central and more remote populations during the most recent postglacial period. The more remote northern and southern populations of C. obtusa showed significantly lower genetic diversity. Therefore, we estimated the degree of genetic differentiation among three groups of populations: the remote northern populations (Iwaki and Yaita), the central populations, and the remote southern populations (Kobayashi and Yakushima). Our hierarchical AMOVA analysis revealed that the degree of differentiation (F ST ) among groups was 0.0396, very similar to that found in a previous study (G ST ¼ 0.045; Uchida et al., 1997) and to the values reported for other conifers with similar ecological characteristics (Hamrick et al., 1992) . Tajima (1990) showed that there should theoretically be a correlation between migration and DNA polymorphism in a local population; the expected amount of DNA polymorphism in a population with a lower migration rate is smaller than that of a population with a higher migration rate, suggesting that remote populations tend to have lower levels of DNA polymorphism than central populations when the migration rate to remote populations is lower than that to the central populations. The migration rate for the remote populations in our study is likely to be lower than that of the central populations because of the high G ST values in remote populations, which consequently show a lower level of DNA Number of combinations of loci Population Figure 5 Linkage disequilibrium within each population. The values were calculated using the method of Weir (1990) . The black and gray bars represent significance at Po0.01 and o0.05, respectively. Beaumont and Nichols (1996) .
polymorphism. Thus, our results confirm those of the theoretical study by Tajima (1990) . Both the theoretical considerations and empirical data also suggest that the expansion of C. obtusa into more remote areas may not have been smooth, probably because at the southern end of the range there were many competitors during regeneration, such as non-deciduous trees (Takahara, 1998) , while at the northern end the populations faced selective pressures exerted by the relatively severe winter climate.
Genetic structure of natural populations of C. obtusa The genetic diversity of this species was slightly higher in populations in western Japan (with the exception of the Kyushu populations), which may have been a refugium during the last glacial period, than in populations in other areas. The phylogenetic tree we constructed for C. obtusa was mostly consistent with the geographical location of each population (Figure 2) , except for the Hikosan population, which clustered with the Tanakamiyama population and occupies a small area at the border of a large plantation of the same species. The allele frequencies of all loci in the Hikosan population were similar to those of the Tanakamisan population, and the results of our STRUC-TURE analysis also mostly agree with this finding. Other studies have found the genetic differentiation between artificial populations to be very low compared with that between natural populations, and the artificial populations to be genetically closest to the natural populations in central Japan from the Kiso area to the Kii Peninsula. We carefully collected our study materials, but it is possible that some individuals were collected from artificial forests because the genetic diversity of the Hikosan population was also relatively high according to our results.
Our Bayesian analysis of the genetic structure defined three groups. However, the refugia of this species during the last glacial period remain unknown because of a lack of fossil pollen data, as described above. This species has probably undergone repeated distribution shrinkage and expansion as a result of climatic fluctuations since it first became established in Japan. Therefore, the origin of these three groups is not yet clear, but the findings suggest that at least three groups established and were subject to repeated episodes of genetic drift during these changes in distribution. The three groups may have migrated and exchanged genes between populations, leading to the current genetic structure of this species. Group 2 (light-gray in Figure 3 ) may have originated in the western populations, which are probably refugia for this species. In the near future, we may be able to confirm the genetic results if methods for analyzing fossil pollen become sufficiently precise to distinguish between pollen of the Cupressaceae, Taxaceae and Cephalotaxaceae.
The Tanakamiyama, Shiragayama and Yakushima populations had high numbers of combinations of loci with significant linkage disequilibrium values, which can be explained by recent genetic drift and subdivision of the populations. All populations of C. obtusa have experienced selective logging during the past. The Tanakamiyama population sustained particularly severe logging because it is close to historically large cities, such as Kyoto and Nara, and its timber was used heavily for construction in them. According to archeological data, the timber of this species accounted for about 60% of the total number of pillars used in the construction of castles and other large buildings in these cities (Shimachi and Ito, 1988) . The Chamaecyparis forest of the Yakushima population has a very low density compared with the other forests, and this island is a World Heritage site that also contains Cryptomeria forest (Tsumura and Ohba, 1993) . Since C. obtusa is rarely found in the Cryptomeria forests, we had to explore a large area to sample this population; consequently, we may have collected materials that resulted from nonrandom mating because of the very low density of C. obtusa. Human activities such as selective logging, combined with the low density of individuals in the population, may have been responsible for its significantly higher numbers of combinations of loci with significant linkage disequilibrium. These numbers may also have been influenced by aspects of the population's history, such as its date of establishment and the number of generations since the founder population (Hartl, 1980) . This species also survived at least one glacial period, including the most recent glacial period from 20 000 to 15 000 years ago. During that ice age, all extant plant species in Japan had refugia in relatively warm areas such as the southwestern part of Japan, and then expanded their distribution northward during the postglacial period (Tsukada, 1983 (Tsukada, , 1988 . The recently founded populations may still be too young to have attained linkage equilibrium because the generation time of this species is relatively long (several decades, on average). The total number of loci that we investigated may also have affected the linkage disequilibrium values because we used 51 loci in our study, and the basic chromosome number is 11 in this species; thus, some loci might be closely linked on the same chromosome. We are currently investigating the linkage among these loci using a mapping population. Eighteen of our 51 loci have been mapped in eight linkage groups, to date and some of them appear to be closely linked (Matsumoto et al., unpublished data) .
The average F IS value indicates that the populations as a whole were not distorted from Hardy-Weinberg equilibrium, even though some loci were significantly distorted within populations. Three populations (Miyamura, Tanakamiyama and Yakushima) had the highest number of significant loci and the F IS values of most loci were negative in these populations. However, the Tanakamiyama population had positive values for six of these loci. Overexploitation of the natural forest followed by regeneration from a diminished population may be one reason for this finding.
Isolation by distance was demonstrated in the C. obtusa populations, especially for geographically close populations such as populations 7-13 in the Kiso area, in which this species has been intensively used to produce wood; these closely grouped populations appear to have diverged relatively little compared with more remote regions. These findings suggest that natural populations of C. obtusa still retain genetic structure in Japan, at least at the district level, and this structure can be seen in the phylogenetic tree that we created (Figure 2 ).
Outlier loci
We detected seven outlier loci, six of which had F ST values lower than the 95% confidence interval. The F ST Genetic diversity and the genetic structure of natural populations Y Tsumura et al values for these loci were fairly low (o0.01). Balancing selection (Strobeck, 1983; Hudson and Kaplan, 1988) may be responsible for these outlier loci if they confer advantages that are positively selected for in certain populations. In such cases, the some degree of polymorphism of the gene involved should be maintained in stable equilibrium, and the F ST value would also be low. The copy numbers at three of these loci (CC0272, CC1172 and CC1625) was considered to be high ( Table 2 ), suggesting that these markers are derived from multiple-copy genes. However, since there was either a low copy number or a single copy for three other loci (CC1319, CC2478 and CC3872), the outlier status of the genes may not be correlated with their copy numbers. The results of the homology search indicate that most of the corresponding genes may have 'housekeeping' functions, and their F ST values may be low because of the importance of these functions. However, we were unable to determine the exact function of these genes in C. obtusa because the analysis was based on BLASTX search results. Thus, we must further investigate their functions. In contrast, CC2750 had the highest F ST values, higher than the 95% confidence interval (Figure 4) . The putative function of this gene is encoding a potassium channel tetramerization domain-containing protein, which functions as a voltage-gated potassium channel that senses changes in membrane potential and opens potassium-selective transmembrane pores, thereby regulating the electrical properties of cells (Bixby et al., 1999) . However, there is no direct evidence regarding the role(s) of the gene in this species as yet. The four southernmost populations, except Hikosan, have unique allele frequencies of this gene, which is a candidate nonneutral gene and may play a specific role in local adaptation or differentiation.
The test to detect outlier loci for selection is unable to distinguish false positives (type I errors). Thus, we conducted the test with a 95% P level threshold, at which the expected number of loci for false positives is 2.55 (51 Â 0.05), but we found only one outlier locus, suggesting that its candidate status must be treated with considerable caution (Vasemägi et al. 2005) .
To obtain clear evidence for the adaptive value of this gene, we must analyze nucleotide variations in the gene between populations found in different environments.
Implications of the results for genetic resources of C. obtusa We found that genetic differentiation within districts was relatively small, but the differentiation between districts was relatively large. In particular, more remote populations at both ends of the natural distribution (Iwaki and Yaita in the north and Yakushima and Kobayashi in the south) appear to have diverged, despite their relatively low genetic diversity. Genetic differentiation was much greater in western populations than in northern Japan, and the differentiation between populations in central Japan was very small. The small populations in western Japan and in Kanto district are more important, from a conservation perspective, than the populations in central Japan, owing to their genetic divergence, relatively small sizes and restricted areas. The largest trees in the natural forest have been used for construction of temples, shrines and modern houses. The current system of natural regeneration is designed to promote sustainable use of the forest (Yamamoto, 1998) , but plantations of C. obtusa have increased and now account for 25% of the total area of artificial forest (10 million ha) in Japan. This means that pollen from the artificial forests will increasingly enter the natural forests and consequently affect the seedlings produced by natural regeneration. These seedlings will be contaminated because the supplied seedlings are from seed orchards (Moriguchi et al., 2005) , which have been constructed from selected clones that originated mainly in central Japan. Thus, gene flow from the artificial forests will greatly modify the genetic structure of the natural populations, even when the clones have been selected from the same region as these natural forests; at a minimum, the genetic diversity will be decreased because the limited number of clones in the seed orchards represents a strong bottleneck for future generations. Fortunately, forest trees have long lives and can maintain their populations for several 100 years, even if the newly produced seedling populations cause gene contamination. Therefore, an ex situ conservation program is currently the best way to conserve the genetic diversity and structure of natural populations of C. obtusa. These conserved materials can be used as future sources of breeding materials and for the discovery of single nucleotide polymorphisms for important traits, because the species currently retains a clear genetic structure.
